The interactions of several ,B-lactam antibiotics with the penicillin-binding proteins (PBPs) of Streptococcus pneumoniae have been studied using whole organisms treated with such antibiotics and subsequently with [3H] (6, 22) , respectively, when added to Escherichia coli. Moreover, similar effects have been described with a variety of Enterobacteriaceae (3) and Pseudomonas aeruginosa (3, 13). Each of these antibiotics has been shown to specifically interact with one (or more) of the multiple PBPs of these organisms when tested using isolated membranes from the bacteria. Therefore these specific PBPs are presumably involved in processes or functions essential to the normal growth of the organisms.
The interactions of several ,B-lactam antibiotics with the penicillin-binding proteins (PBPs) of Streptococcus pneumoniae have been studied using whole organisms treated with such antibiotics and subsequently with [3H]benzylpenicillin. Differences in chemical structure were shown to cause major and selective changes in the affinities of the f,-lactams for the PBPs. Only 4 of the 18 compounds tested induced a specific morphological effect (enlargement of the equatorial region) under the particular conditions tested. In 12 of the 18 ,8-lactams studied, a close correlation was found between the minimal inhibitory concentrations and the concentrations required to half-saturate PBP2b. However, such a correlation was no longer apparent when the bacteria were treated with the antibiotics at their minimal inhibitory concentrations. These findings are discussed in the context of various approaches that have been used to identify the growthinhibitory targets of f8-lactam antibiotics in bacteria.
The interactions of,-lactam antibiotics with the penicillin-binding proteins (PBPs) of several bacteria lead to a variety of biological consequences. Thus, at suitable concentrations, benzylpenicillin or cephaloridine, mecillinam, and cephalexin or piperacillin cause cell death (22) , growth as round forms (24) , or growth as filaments (6, 22) , respectively, when added to Escherichia coli. Moreover, similar effects have been described with a variety of Enterobacteriaceae (3) and Pseudomonas aeruginosa (3, 13) . Each of these antibiotics has been shown to specifically interact with one (or more) of the multiple PBPs of these organisms when tested using isolated membranes from the bacteria. Therefore these specific PBPs are presumably involved in processes or functions essential to the normal growth of the organisms.
In many of these and similar studies, the correlation between the observed effect and interaction with a PBP has been measured in terms of the amount of the antibiotic required to produce the effect and that required to halfsaturate the particular PBP, although the exact relevance of such values may obviously depend on the accessibility of the PBPs in whole bacteria. We have therefore studied the interaction of several f-lactam antibiotics with exponentialphase Streptococcus pneumoniae. The correlations between the minimal growth inhibitory concentrations (MICs) of each compound and the morphogenic effect induced by four of these antibiotics are discussed. A similar approach has t Present address: Max-Planck-Instut fiir Molekulare Genetik, D-1000 Berlin 33, Germany.
recently been described for several organisms by Chase and Reynolds (1).
MATERIALS AND METHODS
Bacterial strains and growth conditions. S.
pneumoniae strains R6, a derivative of the Rockefeller University strain R36A, and CW1, an autolytic deficient transformant of the wild type (27) , were used throughout these studies. Bacteria were grown without aeration at 37°C in C medium (9) at an initial pH of 8.0 and supplemented with yeast extract (0.1%; Difco). Growth was monitored with a Coleman nephelometer.
Susceptibility tests. The MICs of the various ,Blactam antibiotics were determined by twofold serial dilution in C medium. Exponential-phase organisms (approximately 6 x 104 colony-forming units per ml) were inoculated into tubes containing the medium (1 ml) and incubated for 16 h at 37°C. The lowest concentration to inhibit growth of the bacteria was recorded as the MIC.
Morphology studies. Exponential-phase organisms (1 ml, about 6 x 104 colony-forming units per ml) of strain CW1 were incubated at 37°C with various concentrations (from 100 times less than the MIC up to the MIC) of the different ,B-lactam antibiotics. The morphologies of the bacteria were examined by phasecontrast microscopy after 4 Table 1 along with the MICs for each antibiotic and the effects on the morphology of the organisms.
Only 4 of the 18 /)-lactams caused a morphological change under the particular conditions tested (i.e., exposure of a lyt mutant to a maximum of 1 x the MIC). The single type of morphological change observed was swelling of the central zone of the bacteria (Fig. 3) .
Several observations were apparent in the data summarized in Tables 1 and 2 Table 1 ), and, with the exception of benzylpencillin, the other 9 of these could achieve half-saturation of this PBP at concentrations that were fractions of the corresponding MICs, e.g., 0.01X, 0.03x, or 0.07x the MIC in the cases of cefoxitin, cefadroxil, or cephalosporin C, respectively.
(iv) For a given PBP, ,B-lactams showed great variation in their specific inhibitory activities (compared on the basis of their molar concentrations). For instance, in the case of PBP3, of the 18 /3-lactams compared, cephaloridine and cefotaxime had the highest 150 values, 0.0066 and 0.0086 nmol/ml, respectively. Mecillinam (150, 50 nmol/ml) and 6-APA (I50, 160 nmol/ml) had the lowest specific inhibitory activities. Figure 4 shows the relationships between the MICs and Fig. I Benzylpenicillin, ampicillin, and sulbenicillin have the same structure except for substitution on the benzylic carbon of the side chain. The MICs for ampicillin and sulbenicillin were some 4-and 51-fold greater than that of benzylpenicillin, but the affinities of ampicillin for the PBPs, particularly lb and 2a, were generally greater, whereas those of sulbenicillin were much lower, although not in proportion to the increase in MIC ( Table 1 ). The small differences in structure caused marked changes in the relative order of affinities of the PBPs (benzylpenicillin, 3 > la > lb > 2a > 2b; ampicillin, lb > 2a > 3 > la > 2b; sulbenicillin, 3 > lb > 2b > la > 2a).
Dicloxacillin and oxacillin differ only in the disubstitution of the benzyl ring, which results in the former having a sixfold-lower MIC. The affinities of four of the PBPs (la, lb, 2a, and 2b) were also lower for oxacillin than dicloxacillin. However, the interaction with PBP3 was some sixfold greater with oxacillin than dicloxacillin; in contrast, that of PBPla was reduced by a factor of five. These differences produced a major change in the relative order of affinities of dicloxacillin (la > 2a > lb > 2b > 3) and oxacillin (3> 2a> 2b> lb> la).
Cefoxitin and cephalothin are similar except for the substitution of a 7-a-methoxy group and an amino group on the Z side chain of cefoxitin, and this caused a sevenfold decrease in the MIC. There was also a dramatic decrease of some 425-fold in the affinity of PBPla for cefoxitin, the affinities of PBPs lb, 2a, and 2b were some tenfold less, and that of PBP3 was about twofold more. Thus, the greatest change in the relative affinities of the PBPs for cephalothin (la, lb > 3 > 2a > 2b) and cefoxitin (3 > lb> 2a> la> 2b) was in the interaction with PBPla.
Cefadroxil and cephalexin differ in the addition of a hydroxyl group at the 4-position of the 631 VOL. 18, 1980 Wa benzyl ring in the former. However, this ap-cephalexin, indicating increased affinity, in line peared to have little effect on either the MIC or with a decreased MIC. The exception was affinities of these antibiotics. All the values for PBPlb, which had a twofold decrease in affinity cefadroxil were some twofold less than those of for cefadroxil. Thus, the relative affinities of (3, 13, 16, (20) (21) (22) . One of the approaches used in such studies was based on the known selective morphological effect of certain /8-lactams in E. coli and the analysis of the biochemical basis of this selectivity on the interaction with the PBPs. Thus, the selective effect of mecillinam was correlated with binding to PBP2 (24) , and the less selective effects of cephalexin and piperacillin were correlated with binding to PBP3 (6, 22) .
In pneumococci, only one morphological response has been observed (enlargement of the equatorial region). Such a change was caused by only 4 of the 18 antibiotics tested under the conditions used, but there was no. obvious correlation to inhibition of any particular PBP. For instance, for four of the PBPs (lb, 2a, 2b, and 3) to which the morphogenic antibiotics had strong affinities, there were examples of other antibiotics (e.g., ampicillin) that bound to each of these PBPs at similar or even lower concentrations without apparent effect.
Several attempts have been made to correlate the antibacterial effects of,-lactam antibiotics (inhibition of growth, killing, and lysis) with inhibition of one or more PBPs. Such studies have indicated PBPlb as the major function in E. coli, the inhibition of which leads to rapid killing and lysis (22, 23) and induction of uncontrolled murein hydrolase activity (8) . Genetic studies with mutants of E. coli with a thermosensitive PBPlb and defective in PBPla supported this notion (26) . Additional studies have implicated PBP3 of E. coli also as an important antibacterial target (22, 23) . Investigations with mutants of E. coli defective in PBPs 4, 5, and 6 (7, 10, 11, 25) , which retained the same sensitivity to ,B-lactam antibiotics as the parental strain, indicated that these PBPs did not represent physiologically important functions.
The binding proteins are presumably proteins involved in synthesis of peptidoglycan, and it has been suggested that PBPs lb and 3 of E. 1.5 not so evident in data from the later and more extensive studies of Curtis et al. (2, 4) . In the present studies a similar evaluation of the affinities and the MICs the 18 antibiotics indicated that only one of the PBPs (2b) exhibited proportionality between these values for the majority of the ,B-lactams tested.
In an extension of the notion that the PBP with the highest in vitro (membrane) affinity for B8-lactams would be the likely candidate for the physiologically important target (22) (29, 30) and also in vere obtained di-various clinical isolates of pneumococci (5) . The PBP3 wasplotted analysis of the affinities for benzylpenicillin of the PBPs in the transformants of various resistance levels clearly implicated each PBP except specific inhibi-PBP3 as physiologically important targets at ds in assays of specific levels of resistance. This is in clear conivity (14, 17, 18) trast with the behavior of PBPs in the benzyling whole orga-penicillin-susceptible bacteria, in which only the ve similarly at-/8-lactam affinity of PBP2b showed a quantitative correlation tive relationship with the MIC of the particular antibiotics and antibiotic. Thus, these findings apparently conBPs of E. coli, tradict the notion that the most drug-sensitive ibiotic to inhibit PBP should be the antimicrobial target and are oactive benzyl-also inconsistent with the approach as applied isolated mem-. in Fig. 4 on October 25, 2017 by guest http://aac.asm.org/ might have arisen from the interpretation of similar experiments performed in vitro with membrane preparations due to possible differences in accessibility to the PBPs. The great differences in MICs (6,700-fold) of the antibiotics tested are most likely to reflect differences in the affinities and inhibitory power of the compounds for the PBPs of pneumococci since preliminary experiments have indicated no apparent selective permeability barrier in this organism. None of the varied approaches discussed above yielded a consistent, satisfactory interpretation of the quantitative relationship of the MIC and PBP pattern of a given ,8-lactam. One major factor may have contributed to the difficulty in establishing this correlation using studies of the type used here and in other bacterial systems. The problem is illustrated in Fig. 2 , which demonstrates that the saturation curves of cefoxitin and cefsulodin for the individual PBPs have distinctly different shapes. Thus, although the plot of I5o against MIC of some antibiotics for PBP2b gave a good correlation, the more important relationship would seem to be the degree of saturation of PBP2b by these same antibiotics added to growing bacteria at their MICs. The data in Table 2 indicated that in fact under this condition, the different antibiotics with a good 150-MIC correlation for PBP2b (Fig. 4) gave from 11 to 48% inhibition. However, nafcillin, which did not have a good Iso-MIC correlation (Fig. 4) , gave 44% inhibition.
The data reported in these studies indicate that affinities of the ft-lactam antibiotics for the pneumococcal PBPs are greatly modified by the chemical structure and site of modification of the substituents. Further examination of the interactions of other,8-lactam analogs with the approach described in this report could yield an establishment of important structure-function relationships.
